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This study describes the velocity characteristics of left
ventricular and aortic outflow in 25 patients with hy-
pertrophic "obstructive" cardiomyopathy. Systematic
pulsed and continuous wave Doppler analysis combined
with phonocardiography and M-mode echocardiog-
raphy was used to establish the pattern and timing of
outflow in the basal and provoked states. This analysis
suggests that 1) the high velocity left ventricular outflow
jet can be reliably discriminated from both aortic flow
and the jet of mitral regurgitation using Doppler ultra-
sound; 2) the Doppler velocity contour responds in a
characteristic fashion to provocative influencesincluding
The recent development of combined cardiac Doppler and
two-dimensional echocardiography provides a new ap-
proach to the direct measurement and localization of ab-
normal outflow velocities in patients with hypertrophic car-
diomyopathy and intracavitary pressure gradients. Previous
Doppler studies in this group of patients concentrated on
brachial, carotid and aortic flow signals and on the signals
of mitral regurgitation. Gault (I) and Benchimol (2) and
their coworkers originally reported the finding of early peak
flow velocities in brachial artery Doppler recordings from
patients with hypertrophic cardiomyopathy. Joyner et al. (3)
described a distinctive biphasic velocity pattern in the ca-
rotid Doppler tracings from these patients . More recently,
transcutaneous Doppler studies of aortic blood flow veloc-
ities (4-6) demonstrated that the aortic velocity contour in
patients with hypertrophic cardiomyopathy and an outflow
gradient has an early peak with a prolonged ejection phase.
Doppler-detected mitral regurgitant flows were correlated
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extrasystole and Valsalva maneuver; 3) the onset of mi-
tral regurgitation occurs well before detectable systolic
anterior motion of the mitral valve; 4) left ventricular
flow velocities are elevated at the onset of systolic an-
terior motion of the mitral valve, suggestinga significant
contribution of the Venturi effect in displacing the leaf-
lets and chordae; 5) the high velocities of the outflowjets
are largely dissipated by the time flow reaches the aortic
valve; and 6) late systolic flow in the ascending aorta is
nonuniform, with formation of distinct eddies that may
contribute to "preclosure" of the aortic valve.
(J Am Coli Cardiol 1986;8:1047-58)
with systolic anterior motion of the mitral valve by Kinoshita
et al. (7), who used pulsed wave Doppler ultrasound to
demonstrate disturbed flow in both the left atrium and the
left ventricular outflow tract in patients with hypertrophic
cardiomyopathy.
The first description of velocity patterns within the left
ventricle by transcutaneous ultrasound was reported by Hat-
Ie and Angelsen (8), who analyzed pulsed and continuous
wave tracings in selected patients. No previous investigation
has attempted systematic pulsed and continuous wave Dop-
pler velocity analysis of left ventricular outflow in a group
of patients with hypertrophic cardiomyopathy.
The study group reported here consists of 25 patients
with the echocardiographic diagno sis of hypertrophic car-
diomyopathy who, in addition , had elevated systolic flow
velocitie s by Doppler study within the left ventricle . The
main purpose of our study was to attempt to characterize
the patterns of left ventricular outflow and aortic velocities
in this group. Cardiac catheterization was not performed in
all patients , and correlation with direct pressure measure -
ments is not presented here.
Methods
Study patients (Table 1). The study group consisted of
14 outpatients from the Regional Hospital, University of
Trondheim and II patients from Stanford University Hos-
pital. Patients were recruited for the study on the basis of
0735-1097/86/$3 .50
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Table 1. Patient Profiles and Flow Velocities*
Peak Flow Velocity (mls)
LV Outflow
HR Outflow Aortic Ascending Velocity
Patient Age (yr) Drug Rhythm (beats/min) Tract Leaflets Aorta at SAM (mls)
I 70 V S8 46 3.8* 2.4 1.8
2 48 V S 65 5.5* 2.0 0.9 1.8
3 68 V S 66 2.6 2.1 1.6 1.4
4 68 V S 54 2.7* 1.2 1.2
5 67 P,V S 64 4.8* 1.9 1.3 2.4
6 60 V S 65 3.8 2.0 1.6 0.8
7 58 V S 60 2.7* 1.1
8 63 V S 60 5.0 2.5 1.8
9 69 0 S 64 5.4 2.3 1.8 1.7
10 72 V S 82 5.1* 2.2 1.9
11 60 V S 66 4.2 2.2 1.4 1.6
12 67 D,P S 58 5.5 1.6 1.6
13 64 0 S 64 4.0 1.4 1.2
14 31 P S 56 4.2 2.3 1.4 1.4
15 67 At S 57 3.2 2.3 0.9 1.4
16 42 P S 62 5.2 2.7 2.2
17 59 Am S 56 3.5 1.0
18 70 V S 78 4.8* 2.1 0.8 2.6
19 54 0 S 73 3.2 1.4
20 65 DP S 72 4.0 1.4 0.9 1.2
21 45 0 S 64 2.0 1.6 1.1 1.2
22 59 D,V AF 58 3.2 2.0 1.4
23 65 P,V AF 66 2.8 2.2 1.2
24 38 V AF 68 5.1* 2.0 1.4
25 78 P,V AF 64 5.4 1.7
*Tracings with high velocity dropout in Doppler signal amplitude (see text). Peak left ventricular outflow jet velocities are equal to or greater than
the value listed. AF = atrial fibrillation; Am = amiodarone; At = atenolol; 0 = digoxin; DP = disopyramide; LV = left ventricular; P = propranolol;
S = sinus; S8 = sinus bradycardia; V = verapamil; 0 = no medication; - = equal unclear recording of flow velocity at this position. Velocities
during systolic anterior motion (SAM) of the mitral valve (last column) were measured only in those cases in which the onset of this motion was well
defined on the M-mode recording.
two-dimensional echocardiographic findings typical of hy-
pertrophic cardiomyopathy and Doppler studies that showed
elevated systolic velocities in the left ventricle (> 1.1 m/s)
(9). Septal thickness at end-diastole ranged from 1.6 to 2,8
ern (mean 2.2), left ventricular posterior wall thickness ranged
from 0.8 to 2.8 em (mean 1.3) and septal/posterior wall
ratios ranged from 1.0 to 2.6 (mean 1.8). All 25 patients
had systolic anterior motion of the mitral valve; in 4 of
these, this finding could not be recorded in the M-mode
parasternal view because of poor quality images, but was
seen on two-dimensional apical views. One patient in the
series demonstrated prominent apical hypertrophy in addi-
tion to septal hypertrophy by two-dimensional echocardi-
ography.
Twenty-one of the 25 patients had sinus rhythm. The
remaining four patients with atrial fibrillation were included
for purposes of qualitative analysis of Doppler outflow pat-
terns; timing correlations with the M-mode echocardiogram
and phonocardiogram were not performed in these four pa-
tients. Four of the 14 patients from Trondheim and all 11
of the patients from Stanford had previous cardiac cathe-
terization documenting an abnormal intracavitary left ven-
tricular pressure gradient, either at rest or with provocation
by extrasystole or Valsalva maneuver, or both. Medications
at the time of the Doppler examination included verapamil
(15 of 25) and beta-blocking agents (8 of 25); 4 of the
patients were receiving no medications (Table 1).
Echocardiography. Doppler echocardiographic record-
ings were made using Irex Exemplar and System IIIB ul-
trasonographs. Two-dimensional and M-mode studies were
obtained in each patient from the conventional views. Dop-
pler examinations were performed using both continuous
and pulsed wave modes. Flow velocities across the aortic
valve were recorded from the apex and the suprasternal
notch. In most cases, flow velocities from the ascending
aorta could be recorded from the suprasternal notch only.
Left ventricular outflow signals were obtained from the apex
and the suprasternal notch when possible. Mitral regurgi-
tation signals were recorded from the apical and parasternal
long-axis views. In the 11 patients from Stanford, the Val-
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Figure 1. Echocardiographic views showing the
direction of the left ventricular outflow tract (OT)
jet indicated by closed arrows. compared with
aortic outflow (AD)andmitral regurgitation (MR)
jet shown by open arrows. Left panel. Apical
four-chamber orientation. Right panel. Apical
long-axis orientation. Ant = anterior; Inf = in-
ferior; L = left; LA = left atrium; LV = left
ventricle; Post = posterior; R = right ; RA =
right atrium; RV = right ventricle; Sup = su-
perior.
salva or amyl nitrite provocation maneuvers, or both, were
performed. Phonocardiograms were recorded along the left
sternal border at the area where the outflow murmur was
loudest by auscultation.
Temporal correlations between Doppler tracings and
M-mode echocardiograms were made by superimposing QRS
complexes from simultaneous electrocardiograms. Phono-
cardiogramswereobtained simultaneouslywith Dopplerand
M-mode recordings. Intervals from three successive beats
in sinus rhythm with identical RR intervals were measured
and an average interval calculated.
Results
Ventricular outflow velocities. Maximal left ventricular
outflowvelocities by continuous wave Doppler study ranged
from 2.0 to 5.5 rnIs (mean 4.1). Precise transducer posi-
tioning and angulation were critical in obtaining optimal
spectral contours in the outflow jet recordings. The sensi-
tivity to beam orientation was similar to that in cases of
aortic stenosis, and suggests that the outflow jet in hyper-
Int
post +Ant
Sup
trophic cardiomyopathy is relatively narrow, like the aortic
stenosis jet. The outflow jet was optimally recorded with
the ultrasound beam directed midway between the axes of
mitral inflow and aortic outflow (Fig. I). Thus the outflow
jet was not directed toward the aortic leaflets, but along an
axis that was posterior and lateral (leftward) relative to the
aortic anulus. When the transducer beam was angled more
anteriorly. velocity recordings could be obtained from the
level of the aortic valve. These flow velocity signals were
often mixed with valve fluttering . In the majorityof patients.
signals from above the aortic valve could not be recorded
from an apical transducer position. This contrasts with the
situation in normal subjects, and may reflect the relatively
acute angle between the outflow tract and aorta in hyper-
trophic cardiomyopathy. Suprasternal recordings gave good
quality Doppler signals from the ascending aorta in all cases.
In some patients, the outflowtract jet could also be recorded
from the suprasternal notch by moving the beam slightly to
the left of the ascending aorta position.
Velocity contour of left ventricular outflow tract jet.
In addition to abnormally high velocities, the outflow jet
Figure 2. Four examples of left ven-
tricular outflow tract jets recorded by
continuous wave Doppler ultrasound.
Velocities range from 3.4 to 5.5 mls.
The increasing slope as the jets ac-
celerate toward peak velocities (solid
arrows) is typical for left ventricular
outflow signals in hypertrophic cardio-
myopathy. Atthe highest velocities, there
isoften somedecrease insignal intensity
or amplitude (open arrows). 4m/s
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signals in our series demonstrated two characteristic fea-
tures. 1) In the majority of cases with outflow tract velocities
greater than 3 mis, a gradual increase in velocity in the first
portion of systole gave way to a more rapid increase (dV/dt)
as the jet approached maximal velocity (Fig. 2, solid ar-
rows). This gave a characteristic concave leftward appear-
ance to the velocity curve of the outflow jet, which is not
usually seen in the high velocity jet of aortic stenosis or
mitral regurgitation. 2) A decrease in overall intensity or
amplitude of the Doppler outflow tract signal commonly
occurred before peak jet velocity was achieved, as reflected
by the lighter portion in the spectral display on some beats
in Figure 2 (open arrows). In some cases, this decrease in
signal intensity was so significant that the highest velocity
portion of the jet could not be clearly resolved. The decrease
in intensity most likely represents a diminished number of
red cell targets moving at these high velocities, and is con-
sistent with decreased overall flow during this part of ejec-
tion (see Discussion). Thus, the Doppler signals suggest the
presence of a high velocity but low volume flow jet in mid-
to late systole. In all cases in our series, the Doppler left
ventricular outflow signal continued throughout systole to
the point of aortic valve closure as indicated on the simul-
taneous phonocardiogram or the Doppler recording itself.
The timing of the peak velocity of the outflow jet corre-
lated with more familiar events associated with ventricular
dynamics in hypertrophic cardiomyopathy. Comparison of
the timing of peak velocity with the peak murmur intensity
recorded by phonocardiogram showed variable correspon-
dence, with a mean interval of 32 ms (range 0 to 70) (Fig.
3).
The timing of systolic anterior motion of the mitral valve
was also analyzed relative to the Doppler outflow velocity
(Table 2). By the time systolic anterior motion was first
detectable on the M-mode recording, velocity of flow in the
outflow tract was already clearly elevated, with a mean of
1.5 mls in our series. Maximal anterior displacement of the
mitral valve was accompanied by the highest outflow jet
velocities; the average interval between maximal systolic
anterior motion and peak outflow velocities was only 30
ms. Thus, the abrupt increase in velocities (dV/dt) occurred
at a time when the mitral leaflet was encroaching on the
septum, narrowing the area of outflow (just before maximal
systolic anterior motion).
For the Stanford series, the duration of anterior mitral
leaflet/septal contact on M-mode recording was compared
with the peak outflow velocity in the eight patients whose
M-mode tracings were of sufficient quality for unambiguous
measurement. A positive correlation (r = 0.6) was noted
between outflow velocity and the mitral leaflet/septal contact
interval, as would be anticipated on the basis of the pre-
viously published relation (10) between the pressure gra-
dient in the left ventricle and the duration of mitral leaf-
let/septal contact.
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Figure 3. Correlation of continuous wave Doppler left ventricular
outflow tract (LYOT) signal (top) with phonocardiogram (bot-
tom). In the 15 patients with high quality Doppler and phono-
graphic tracings, the peak velocities occurred a mean of 30 ms
later than the maximal intensity murmur, with a range of 0 to 70
ms (right panel).
The velocity contour recorded at the level of the aortic
valve demonstrated an early peak compared with normal
outflow. Maximal velocities were markedly less than the
left ventricular outflow jet velocities (Table 2). In the as-
cending aorta, velocity profiles were variable, depending
on the position of the Doppler sample volume (see Discus-
sion). In general, above the level of the aortic valve, the
velocity peaked earlier than at the level of the anulus. Peak
aortic outflow velocity occurred well before the peak left
ventricular outflow tract velocity in all cases (Table 2, Fig.
4). Aortic valve leaflet partial closure ("preclosure") gen-
erally occurred at or closely after peak left ventricular out-
flow tract velocity.
Separation of left ventricular outflow tract and mitral
regurgitation jets. Clear continuous wave Doppler signals
of mitral regurgitation were recorded in 23 of the 25 patients.
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Table 2. Timing of Systolic Events (in ms, relative to initial QRS deflection)*
Peak Aortic Onset
Onset Onset of Peak LVOT Flow of Maximal Aortic
Patient ofMR LV Ejection JetVelocity Velocity SAM SAM Preclosure
I 40 110 340 190
2 90 110 240 160 140 240 240
3 30 100 270 190 90 240
4 90 120 300 260 100 220
5 70 110 350 210 180 320
6 70 120 240 210 120 270
7 80 140 270 220 250 280
8 80 120 280 220 280
9 70 120 310 180 140 250 250
10 70 90 240 170
II 60 90 320 180 110 240
12 70 120 300 270 160 300 390
13 70 120 340 250 160 290 290
14 60 90 280 180 160 240
15 80 150 320 170 150 240
16 90 130 340 180 260 270
17 60 120 300 100 270 280
18 60 80 290 170 140 200
19 100 260 110 260
20 10 100 220 170 120 250 290
21 80 120 370 230 160 270
*Patients 22 to 25 were not analyzed for timing because of atrial fibrillation. LVOT = left ventricular outflow tract; other abbreviations inTable I.
In all but one patient, the onset of regurgitation was coin-
cident with or immediately followed the first heart sound,
and was well before the onset of the left ventricular outflow
tract jet signal or systolic anterior motion (Table 2, Fig. 5).
The onset of mitral regurgitation thus occurred significantly
earlier than systolic anterior motion, as judged from the
M-mode echocardiogram. In one patient with atrial fibril-
lation, the mitral regurgitation jet could be recorded only
in late systole ,
The left ventricular outflow tract and mitraLregurgitation
jets were both high velocity signals, directed away from the
transducer and separated by as little as I ern at their origin .
Distinguishing between the two jets required attention to
several features of timing and contour: I) the upstroke of
the left ventricular outflow tract velocity signal was less
abrupt, and typically showed a terminal acceleration curve
(increased dV/dt); 2) the peak velocity of the mitral regur-
gitation jet was greater than that of the left ventricular out-
flow tract jet (reflecting the greater left ventricular/left atrial
pressure gradient as compared with the left ventricular/aortic
gradient); and 3) as mentioned, the onset of the left ven-
tricular outflow tract jet was delayed relative to the onset
of mitral regurgitation. It was frequently possible to record
both jets from the same beam position (Fig. 5).
Pulsed wave mapping provided a reliable check on whether
a given continuous wave signal represented the left ven-
tricular outflow jet or mitral regurgitation. By maintaining
a steady transducer position and switching from continuous
to pulsed mode, the location of the jet could be clearly
established (mitral regurgitation mapped in the left atrium,
and left ventricular outflow tract jet in the left ventricle) .
Provocative maneuvers. Eleven patients in this study
underwent provocation with the Valsalva maneuver or amyl
nitrite inhalation, or both, in an attempt to define the effect
on jet velocities. With the Valsalva maneuver, the left ven-
tricular outflow tract signal was generally lost or diminished
in amplitude during strain (phase II) because of interference
from lung or change in transducer position relative to the
outflow tract, or both (Fig . 6a) . However, the beats im-
mediately after release were generally easily imaged, and
showed increased velocities consistent with an increase in
pressure gradient. Amyl nitrite inhalation was equally ef-
fective in provoking an increased pressure gradient and out-
flow jet velocity. Continuous imaging of the jet was achieved
by asking the patient to suspend respiration for a brief period
after inhalation of the amyl nitrite. Postextrasystolic accen-
tuation of outflow tract velocities was clearly recorded in
patients who presented with an irregular rhythm (Fig . 6b) .
Pulsed wave localization of jet velocities. Mapping of
outflow velocities using pulsed wave Doppler ultrasound
revealed a consistent pattern of flow acceleration in the left
ventricle (Fig. 7), which can be divided into four levels
based on the Doppler characteristics. The anatomic region
where these flow patterns occur can be located approxi-
mately by means of simultaneous two-dimensional imaging.
However, movement of the heart relative to the Doppler
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Figure 4. Timing of aortic versus left ventricular outflow veloc-
ities. Continuous wave tracings from the aorta and left ventricular
outflow tract (LVaT) of beats with identical RR intervals were
superimposed by means of simultaneous electrocardiograms. In
all cases where a discrete maximum could be assigned to both
signals, the aortic velocities peaked earlier than the outflow ve-
locities (right panel).
sample volume precludes exact anatomic localization in a
given case. Starting with the sample volume at the left
ventricular apex and moving toward the base , the first char-
acteristic velocity contour was encountered in the region of
the base of the papillary muscles (Fig . 7, position I) . Here ,
maximal velocities ranged from 0.4 to 1.7 m/s; at this level
there was typically a sharp peak in the velocity occurring
at end-systole. In the one case in our series with prominent
apical as well as septal hypertrophy , these late systolic ve-
locities were considerably higher at position 1, reaching 3.6
m/s . This was compatible with the marked chamber nar-
rowing seen at the apex on the two-dimensional image.
Slightly farther from the apex , at the level of the papillary
muscle tips, somewhat higher veloc ities were recorded with
a rounder, earlier peak (Fig . 7, position 2) . This represents
the level where flow begins to accelerate to form the left
ventricular outflow tract jet. The jet itself was most typically
localized beginning at the level of the chordae/mitral leaflet
Figure 5. Recordings showing separation of continuous wave
Doppler signals from the left ventricular outflow tract (LVaT) jet
and the mitral regurgitation (MR) jet. The panel on the left is a
recording of the outflow jet alone, with velocity calibrations in
meters per second. The panel on the right shows the mitral re-
gurgitation jet, with temporal continuity between mitral inflow
(above the baseline) and mitral regurgitation (below the baseline)
indicated by the arrows. The middle panel shows the overlapping
outflow/mitral regurgitation signal obtained with the beam in an
intermediate position. Ae = aortic closure; An = aortic opening;
Me = mitral closure.
tips (Fig. 7, position 3). Here, a definite increase in veloc-
ities was detected, usually accompanied by aliasing of the
pulsed wave signal. The highest jet velocities were recorded
a short distance beyond this level (Fig. 7, position 4), but
could only be tracked for a distance of I to 2 em. Beyond
this level, an anterior shift of the beam was generally nec-
essary to record flow higher in the left ventricular outflow
tract and across the aortic valve. Velocities in these regions
were clearly lower than in positions 3 and 4 (Table I) .
Discussion
Doppler echocardiography in hypertrophic cardio-
myopathy. This study represent s a systematic attempt to
use Doppler echocardiography to characterize the velocity
profile of the outflow jet in patients with hypertrophic car-
diom yopathy and elevated left ventricular velocities . Proper
recording of the outflow jet requires a sensitive Doppler
instrument with a high velocity capability . This may account
for the difficulty Maron et al. (6) reported in detecting out-
flow jets with a pulsed wave system. Flow patterns in the
outflow tract are relatively complicated in hypertrophic car-
diomyopathy, and the left ventricular outflow tract signal
JACC Vol. 8. No.5
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Figure 6. Continuous wave Doppler
recordings of left ventricular outflow
jets with provocative maneuvers. A,
Valsalva maneuver. At basal con-
ditions (1) , the peak velocity is ap-
proximately2.8 mls. During the strain
phase of the Valsalva maneuver , the
signal is poorly recorded (2), but on
the first beat after release , the ve-
locity is seen to reach approximately
4.6 mls (3). One minute after re-
lease, the velocity has returned to the
baseline (4) . B, Postextrasystolic po-
tentiation. A premature ventricular
contraction (second beat) is followed
by an augmentation in the outflow
tract velocity to approximately 4.0
mls (ar row).
4 ..
6
m/s A
4
6m/s
must be distinguished from those of mitral regurgitation and
aortic outflow . Fortunately, with a significant gradient, the
left ventricular outflow tract velocity contour is distinctive
in most cases, with increasing slope (dY/dt) in mid-systole.
Careful attention to this velocity contour, as well as mapping
with pulsed wave Doppler ultrasound , allows discrimination
of the outflow jet from the other neighboring flow signals .
The Doppler left ventricular outflow tract velocity con-
tour responds in a characteristic fashion to provocative in-
fluences, including the Valsalva maneuver and extrasystole
(Fig. 6.) Thus, Doppler ultrasound provides the ability to
B
complement conventional echocardiography in the diagnosis
of hypertrophic cardiomyopathy, as well as offering the
potential to estimate intracavitary pressure gradients non-
invasively using the Bernoulli equation , ap = 4y2 (where
aP = the decrease in pressure in mm Hg and Y = jet
velocity in rnIs) (11).
Left ventricular outflow tract jet orientation. Doppler
ultrasound also provides a new and potentially powerful tool
for analyzing the dynamic s of flow in hypertrophic cardio-
myopathy. One important observation from our data is that
the high velocities of the left ventricular outflow tract jet
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(LV) outflow jet from apical (I) to high outflow tract
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aliasing (arrows). Seetextfordetails. LA = leftatrium,
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are generally not conducted to the aorta (average peak. left
ventricular outflow tract jet velocity 4.1 mls compared with
1.4 mls in the aorta) (Table 2). Direct data on the location
and direction of the left ventricular outflow tract jet provided
by Doppler ultrasound suggest two mechanisms for the dis-
sipation in jet velocities in the high outflow tract: 1) The
jet is formed a distance of 3 to 4 em below the level of the
aortic leaflets, as based on pulsed wave mapping. The com-
bined influences of sheer, friction and boundary layer sep-
aration act to create disturbed flow and dissipation of energy,
with progressive reduction in velocities of a jet as is seen,
for example, in the jet of aortic stenosis (12). The relatively
low volume of jet flow at the highest velocities may facilitate
the effect of these forces in limiting the length of the jet.
2) The left ventricular outflow tract jet is directed posteriorly
and laterally relative to the aortic anulus (Fig. 1). Thus, the
jet is not aimed primarily through the leaflets, but instead
is directed into the region of the posterior outflow tract below
the aortic valve. Impact in the posterior outflow tract may
contribute to disturbed flow, with dissipation of energy and
the high velocities of the jet before flow reaches the as-
cending aorta.
Deceleration of outflow jets below the level of the aortic
valve has been anticipated on the basis ofpathologic studies.
In cases ofdiscrete subvalvular aortic stenosis, "jet lesions"
may be seen on the ventricular surface of the aortic leaflets,
suggesting the presence of a high velocity jet at the level
of the valve in these cases. Comparable jet lesions are not
found on the leaflets of patients with hypertrophic cardio-
myopathy (13), The characteristic mural endocardial "plaque"
located in the outflow tract of most patients with hyper-
trophic cardiomyopathy has been attributed to the combined
effects of jet flow and mitral leaflet percussion from systolic
anterior motion (13-15). Although the inferior (apical) mar-
gin of this plaque clearly mirrors the anterior mitral leaflet,
fibrosis may extend up the outflow tract a distance of 2 to
4 ern, compatible with the extent of the jet as mapped by
pulsed wave Doppler ultrasound (14,15).
Relation of left ventricular outflow velocities to sys-
tolic anterior motion. The mechanism of systolic anterior
motion of the mitral valve (systolic anterior motion) has
been attributed to a Venturi effect in the narrowed left ven-
tricular outflow tract (16-18). Increased velocities in the
region between the septum and anterior mitral leaflet create
a zone of decreased pressure relative to the left ventricular
chamber pressure present in the area posterior to the mitral
apparatus. This pressure difference acts to lift the chordae
tendineae and mitral leaflet tips anteriorly, further narrowing
the outflow tract and increasing the velocity of outflow and
the Venturi forces. The present study demonstrates that out-
flow velocities in the left ventricle are, in fact, elevated at
the time systolic anterior motion is first seen on the M-mode
JACC Vol. 8, No.5
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Figure8. Illustration demonstrating
flow area andvelocity at theleftven-
tricular (LV) outflow tract, aortic
valve and ascending aorta. The cross-
sectional area of flow is delineated
bytheM-modeechocardiograrn (top) .
The Doppler velocity tracings (bot-
tom) areshown in theorientation in
which they aregenerally recorded: a
negative velocity signal is obtained
for the outflow jet from the apical
transducer position; aortic signals are
typically recorded from the supra-
sternal notch and are, accordingly,
positive. Timing marks ineach panel
define the systolic ejection period (see
text for discussion).
SYSTOLIC
FLOW AREA
VELOCITY
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---
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recording (Table 1), with a mean velocity of 1.5 mls. These
elevated velocities may be due to narrowing within the left
ventricle or hyperkinetic contraction, or both. The fact that
left ventricular outflow velocities at the level of the mitral
leaflet are elevated at the onset of systolic anterior motion
is compatible with a Venturi mechanism, but does not prove
that this mechanism is responsible for systolic anterior mo-
tion. An abnormally brisk early contraction of the ventricle
could produce increased velocities before some mechanical
process (for example, papillary muscle contraction [19,20]
or hyperkinetic posterior wall motion (21)) initiates systolic
anterior motion of the mitral valve.
Jet velocity and systolic flow area. The Doppler ve-
locity recordings at the various levels of the left ventricular
outflow tract and aorta provide the basis for a comprehensive
noninvasive description of the systolic flow events in hy-
pertrophic cardiomyopathy. Theoretically, flow at any point
in time can be calculated as the product of the cross-sectional
area of flow and the Doppler-determined velocity: flow =
area x average velocity (where "average velocity" refers
to the spatial average). According to the "continuity equa-
tion" of fluid dynamics (22), net flow must be the same at
each point in the outflow tract and aorta at any given time
during ejection. In theory, a dynamic outflow tract area
could becalculated from the continuity equation using aortic
area and the point by point ratio of left ventricular outflow
velocity to aortic flow velocity at either the level of the
mitral valve or the ascending aorta (left ventricular outflow
tract area = aortic area x aortic flow velocity -;- left
ventricular outflow velocity). In practice, however, this
measurement would be unreliable because of inhomogeneity
in the aortic flow profile (see later) and difficulty in deter-
mining a precise aortic flow area either at the level of the
leaflets or in the ascending aorta.
The concept offlow continuity does help explain the re-
lation between flow area and velocity at different levels in
the left ventricle and aorta in hypertrophic cardiomyopathy
(Fig. 8). At the level of the outflow tract, the flow area
narrows markedly during ejection as the septum and anterior
mitral leaflet converge (Fig. 8, left panel). As this outflow
tract narrowing progresses, the velocity of the jet increases
markedly, corresponding to an increased intraventricular
pressure gradient as dictated by the Bernoulli equation. The
net flow through the outflow tract is a function of these two
variables: decreasing flow area and increasing velocity.
The fact that net flow through the outflow tract actually
diminishes in mid- and late systole, even in the presence of
the high outflow velocities, is suggested by the aortic flow
velocity recordings (Fig. 8, middle panel). At the level of
the aortic leaflets, the peak in the velocity contour occurs
considerably earlier than the peak of the left ventricular
outflow tract jet (Table 2). Thus, at a time when the left
ventricular outflow tract jet velocities are still increasing,
aortic flow velocities and flow area are both decreasing, the
latter indicated by partial closure of the aortic leaflets (Figs.
4 and 8, middle panel).
The cross-sectional area of the ascending aorta is rela-
tively fixed, with a larger area compared with the aortic
leaflet flow area. This results in a lower peak velocity for
aortic flow, along with an earlier and more marked decrease
in the velocity contour compared with the signal at the
leaflets (Fig. 8, right panel). In addition, it is likely that the
entry of the narrow aortic jet into the wider flow area of the
ascending aorta leads to formation of eddies that complicate
the flow profile in late systole (see below).
Inhomogeneity in aortic flow velocity profiles. Pre-
vious Doppler echocardiographic studies (4-6) of aortic blood
flow have documented that the velocity contour in the as-
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Figure 9. Examples from two patients
(top andbottom) demonstrating the het-
erogeneity of pulsedwave velocitycon-
tours in the ascending aorta, and the
change in contour relative to the signal
at the level of the aortic (AD) leaflets.
The single tracing on the left in each
case is recordedat the levelof the aortic
valve; the remaining tracings are from
different positions in the ascending aorta,
2 to 3 em above the aortic leaflets. Ar-
rows indicate secondary flow peaks
(probable eddies), which may be either
positive or negative. Marks at the bot-
tom of each tracingdesignate timing of
aortic closure recorded by the Doppler
signal.
ASCENDING AORTAAO VALVE
o--~=
2-
2-
Figure 10. Diagram summarizing the pattern of left ventricular
(LV) outflow and aortic (Ao) flow velocities in hypertrophic car-
diomyopathy. See text for details.
ative dip in the presssure because of rapid deceleration of
blood.
The finding of prominent late systolic eddies in the as-
cending aorta is also consistent with aortic valve "preclo-
sure" or partial closure. Bellhouse and Talbot (26) dem-
onstrated that eddies created by deceleration of blood flow
in the ascending aorta may help initiate aortic valve closure
in normal subjects at a time when there is still forward flow
through the valve. Therefore, aortic valve "preclosure"
might be expected to occur in patients with hypertrophic
cardiomyopathy as a result of a combination of early de-
celeration of flow and concomitant eddy formation in the
ascending aorta.
Pathophysiologic implications. Figure 10 summarizes
in schematic form some of the essential features of left
ventricular outflow as demonstrated by Doppler velocity
recordings. Early in systole, the outflow tract is open, and
therefore relatively high flow is delivered into the aorta. In
late systole, the outflow tract has narrowed, and a high
velocity jet is formed, which is directed toward the posterior
LATE SYSTOLE
t
t
,
EARLY SYSTOLE
LV
cending aorta peaks earlier in patients with hypertrophic
cardiomyopathy than in normal subjects. What has not been
evident from these studies is the high degree of heterogeneity
in aortic velocity signals recorded at different sample vol-
ume positions in the ascending aorta in a given patient.
Figure 9 shows representative tracings from two patients in
our series. The velocity contour in late systole is highly
variable, depending on the position of the sample volume
in the aorta. in contrast to the study of Maron et al. (6),
we did not find a second velocity peak to be a uniform
feature of aortic flow velocity tracings in patients with hy-
pertrophic cardiomyopathy and elevated outflow gradients.
Although a "bifid" tracing with a second peak could be
recorded in most of our patients at some position in the
ascending aorta, moving the sample volume to different
positions gave signals with single, double or triple positive
peaks (Fig. 9, top panel). Signals with negative late systolic
velocities were also encountered in most patients (Fig. 9,
top and bottom). This high degree of heterogeneity in the
velocity contours is strongly suggestive that late systolic
eddies are formed in the aorta with different directions,
depending on the location in the aorta. Each of the late
velocity peaks probably represents a main eddy, which may
be directed either towards or away from the transducer. An
important implication of this finding is that the velocity
recorded in mid- to late systole at anyone position in the
aorta does not necessarily reflect net flow in the aorta at
that point in time. This may help explain the apparent dis-
crepancy between transcutaneous Doppler studies demon-
strating a prominent second late systolic velocity peak and
invasive studies that have not shown a significant second
peak in aortic flow (23-25). As Hernandez et aI. (23) pointed
out, the existence of a second peak in the aortic pressure
pulse does not dictate an obligatory second peak in flow.
The second pressure peak may be the result of reflected
pressure waves after the forceful initial ejection, or a neg-
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outflow tract, resulting in a region of disturbed flow. Much
less flow is delivered to the aorta in late systole, flow area
at the aortic leaflets is diminished and there is formation of
eddies in the aorta, resulting in a complicated, inhomoge-
neous flow pattern and aortic valve "preclosure."
Some important conclusions concerning outflow dynam-
ics follow from this velocity analysis. First, the Doppler
studies clearly demonstrate that left ventricular and aortic
flows continue throughout systole in patients with hyper-
trophic cardiomyopathy. This is compelling evidence against
the concept that forward flow into the aorta ceases com-
pletely before the end of systole (25). It should be empha-
sized that Doppler ultrasound is extremely sensitive in de-
tecting small amounts of volumetric flow; therefore the actual
flow during late systole may be small, as has been suggested
by invasive flow studies (19-21) and quantitative contrast
and radionuclide angiography (24,25,27-30).
A second intriguing finding from the Doppler recordings
in the majority of patients in this series is that mitral re-
gurgitation was seen to begin at the onset of systole, coin-
cident with the first heart sound. This argues against the
position that mitral regurgitation is initiated as a result of
contortion of the mitral apparatus associated with systolic
anterior motion (31-33) or directly as a result of high left
ventricular chamber pressures (34,35). These data do not
allow differentiation between other postulated mechanisms
for the initiation of mitral regurgitation, such as abnormal
papillary muscle function in the context of hyperkinetic
contraction (19) or mitral anular fibrosis and calcification.
In our series, no clear relation was noted between the finding
of prominent mitral anular reflections on the two-dimen-
sional echocardiogram and the presence of a Doppler mitral
regurgitation signal commencing with the first heart sound.
It is also important to emphasize that the data presented
here do not address the issue ofwhether the degree ofmitral
regurgitation increases late in systole, that is, whether the
largest portion of the regurgitant flow occurs after systolic
anterior motion begins or during the high pressure phase of
ejection. Current Doppler techniques are not accurate in
assessing volumetric regurgitant flow as a function of time
in systole. In some cases in our series, a clear increase in
intensity of the mitral regurgitation signal was seen in mid-
to late systole, suggesting an increased volume of red cell
targets occurring after systolic anterior motion. However,
this finding may not be reliable when the jet is moving
relative to the ultrasound beam (as is probably the case with
the mitral regurgitation jet in hypertrophic cardiomyopathy).
Combined Doppler and two-dimensional echocardiography
or "color flow" Doppler imaging may provide further in-
sight into this problem.
Perhaps the single most important contribution of the
Doppler velocity data in hypertrophic cardiomyopathy will
be to provide new insight into the discussion concerning the
role of outflow tract "obstruction" in this condition (3~2).
Our series of patients with hypertrophic cardiomyopathy
clearly demonstrates that as the outflow tract narrows in
systole, a high velocity outflow jet is generated. The Ber-
noulli equation mandates that these increased jet velocities
are accompanied by increased pressure gradients, as has
been amply documented by direct pressure recordings. It
should not be controversial to state, therefore, that in the
left ventricle in hypertrophic cardiomyopathy, there is an
abnormally high pressure gradient in systole associated with
high velocity blood flow.
The critical pathophysiologic question is whether the el-
evated outflow tract gradient represents a significant stress
to the ventricle and a stimulus for progressive hypertrophy.
Doppler recordings of left ventricular outflow should pro-
vide further insight into this issue because the Doppler sig-
nals convey information about both the severity and duration
of the high pressure phase. The combination of these data
with noninvasive volume and flow determinations may al-
low estimation of ventricular work and stress variables under
a variety of conditions. As this study emphasizes, however,
extreme caution must be exercised in extrapolating from
Doppler velocity signals to estimations of absolute flow,
given the complexity of the flow pattern in this condition.
We thank Corrie Naasz and Steven Hill for their expert technical assistance,
and Gretchen Houd for preparation of the manuscript.
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